Alzheimer's disease (AD) is a complex neurodegenerative disorder characterized by extracellular plaques containing amyloid b (Ab)-protein and intracellular tangles containing hyperphosphorylated Tau protein. Here, we describe the generation of inducible pluripotent stem cell lines from patients harboring the London familial AD (fAD) amyloid precursor protein (APP) mutation (V717I). We examine AD-relevant phenotypes following directed differentiation to forebrain neuronal fates vulnerable in AD. We observe that over differentiation time to mature neuronal fates, APP expression and levels of Ab increase dramatically. In both immature and mature neuronal fates, the APPV717I mutation affects both b-and g-secretase cleavage of APP. Although the mutation lies near the g-secretase cleavage site in the transmembrane domain of APP, we find that b-secretase cleavage of APP is elevated leading to generation of increased levels of both APPsb and Ab. Furthermore, we find that this mutation alters the initial cleavage site of g-secretase, resulting in an increased generation of both Ab42 and Ab38. In addition to altered APP processing, an increase in levels of total and phosphorylated Tau is observed in neurons with the APPV717I mutation. We show that treatment with Ab-specific antibodies early in culture reverses the phenotype of increased total Tau levels, implicating altered Ab production in fAD neurons in this phenotype. These studies use human neurons to reveal previously unrecognized effects of the most common fAD APP mutation and provide a model system for testing therapeutic strategies in the cell types most relevant to disease processes.
INTRODUCTION
Alzheimer's disease (AD) is a common and devastating dementia that is pathologically defined by the accumulation of extracellular amyloid b (Ab)-containing amyloid plaques and intraneuronal hyperphosphorylated Tau protein aggregates associated with neuronal loss in the cerebral cortex. Over 200 known missense mutations in amyloid precursor protein (APP) or the presenilin-1 and -2 genes (PSEN1/2) can cause dominantly inherited, early-onset forms of AD, termed familial AD (fAD) (reviewed in 1). The catalytic site of g-secretase activity resides within PSEN (2) , and APP is cleaved within its transmembrane domain by the g-secretase complex to generate Ab species primarily of 38, 40 or 42 amino acid lengths (3) . The fAD mutations in APP or PSEN have been shown to either increase Ab production generally or to increase the ratio of Ab42 to Ab40 peptides (reviewed in 1,4). These genotypeto-phenotype relationships provide strong evidence that Ab42 plays a causal role in at least some cases of AD.
APPV717I was the first mutation linked to fAD (5) and is the most common fAD APP mutation (6) . Residue 717 resides in the transmembrane domain of APP, near the g-secretase cleavage site. Previous studies have shown that overexpression of APP cDNA with the V717I mutation results in an increase in the ratio of Ab42/40 generated in cell lines (7) and mouse primary neurons (8) . Brain lysates from transgenic mice expressing human APPV717I also showed an increased Ab42/40 ratio (9, 10) . In most studies, the increased ratio of Ab42/40 is mainly attributable to an increase in Ab42 with no change or a slight decrease in Ab40 levels. Importantly, both plasma and lysates of brains of patients carrying APPV717I have shown elevated Ab42 levels relative to total * To whom correspondence should be addressed. Tel: +1 6175255783; Fax: +1 6175254869; Email: tyoung@rics.bwh.harvard.edu; tpearse@partners.org # The Author 2014. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com Human Molecular Genetics, 2014, Vol. 23, No. 13 3523-3536 doi:10.1093/hmg/ddu064 Advance Access published on February 12, 2014 Ab, confirming the effect of this mutation on Ab42 levels in the subjects of interest (11, 12) .
Rapid advancements in stem cell biology in recent years have provided neuroscientists with a unique opportunity to examine the effects of genetic alterations in disease-relevant human cell types. Previously, analyses of risk genes for neurological diseases were primarily limited to research on postmortem brains, mouse models and heterologous cell lines. With the advent of induced pluripotent stem cell (iPSC) technology (13) (14) (15) (16) (17) , it is now possible to study genetic risk factors in neurons derived from primary cells of affected subjects (18) . Two recent studies showed that neurons derived from iPSCs generated from subjects with APP duplication (including from a Down's syndrome line) secreted higher levels of Ab and developed increased levels of Tau phosphorylated at Thr231 (19, 20) . A third study showed that a unique mutation in APP (E693delta) decreased overall levels of Ab, but increased the accumulation of intracellular Ab oligomers (21) . In another study, iPSC lines were derived from two fAD subjects, one harboring a mutation in PSEN1 and another in PSEN2 (13) . This study showed that each mutation increased secretion of Ab42 and that g-secretase inhibitors and modulators effectively decreased Ab generation (13) . These first efforts utilizing iPSCs to study AD provided an important proof-of-principle regarding the utility of such cells to model biochemical processes relevant to AD.
Here, we establish a model of AD using iPSCs from patients harboring a dominant, fully penetrant fAD mutation in APP (V717I). In neurons of forebrain fate derived from iPSCs, we confirm the previous finding from other model systems that the V717I mutation leads to increased Ab42 levels. We show for the first time that this mutation alters (i) APP subcellular localization, (ii) Ab38 and APPsb generation and (iii) Tau expression and phosphorylation. Furthermore, we demonstrate that the increase in Tau can be rescued by treatment with anti-Ab antibodies, providing direct evidence linking disease-relevant changes in Ab to aberrant Tau metabolism. Ab vaccines are a promising therapeutic option in early AD, which multiple pharmaceutical companies are actively pursuing. These rescue studies suggest that iPSCderived neuronal cultures may be a useful model to test and compare Ab antibodies, as well as alternate therapeutic strategies, for efficacy in the cell types of interest.
RESULTS

Generation and differentiation of iPSC lines with the London (V717I) APP mutation
Skin biopsies were obtained from a father and daughter each harboring a mutation in APP (V717I) (Fig. 1A) . The father was 57 years old and diagnosed with AD while the daughter was asymptomatic at age 33 (Fig. 1A) . Fibroblasts from the biopsy were reprogrammed using lentiviruses encoding Oct4, SOX2, cMYC and KLF4, and three iPSC clones from each subject were established and characterized by the Harvard Stem Cell Institute (HSCI) iPSC core facility (Supplementary Material, Fig. S1 ). All clones maintained stem cell morphology, expressed the pluripotency-associated genes Oct4, NANOG, SSEA3, SSEA4, TRA-1-60 and Alkaline Phosphatase, repressed retroviral transgenes and could be differentiated into cells of ectodermal, mesodermal and endodermal lineages in vitro (Supplementary Material, Fig. S1A -C) . All clones from the daughter (fAD2) displayed a normal euploid karyotype (Supplementary Material, Fig. S1D ), while all clones from the father (fAD1) displayed a normal chromosome number, but a balanced (t(1;12) (q42.1;q15)) translocation in all cells from four clonal lines (Supplementary Material, Fig. S1E ). The fibroblasts obtained from this subject displayed the same abnormal karyotype, suggesting that this was a preexisting abnormality that did not arise during the reprogramming process.
Because variability exists in the differentiation efficiency among pluripotent stem cell lines, we first compared the capacity of each line to differentiate to neuronal fates. In order to direct the differentiation of these cells to forebrain neuronal fates, we utilized an embryoid body-based protocol (22) (with modifications described in Materials and Methods). Using this method, cultures highly enriched in neurons were generated, with over 90% of the cells expressing MAP2 in each well (Fig. 1C) . Initial characterizations of each clone for differentiation capacity informed the selection of two clones from each subject to be further analyzed. In parallel, differentiation experiments were performed with iPSC lines generated from healthy donors, which were obtained from the HSCI iPSC Core (18, 23) and from the UCONN Stem Cell Core (Fig. 1A) . No significant differences were observed in differentiation capacity between control and fAD cell lines, as assayed by immunostaining for the general neuronal markers MAP2, Tau and TuJ1, markers of upper (Cux1) and lower (Tbr1) layer cortical neurons and synaptic markers synaptophysin (SYP), PSD95 and VGLUT1 (Fig. 1C) . Recordings from cultures of differentiated neurons showed spontaneous activity using a microelectrode array (MEA) platform in all cell lines tested. Representative waveforms from control and fAD lines, isolated from voltage traces, are shown in Figure 1D . Representative extracellular voltage traces and raster plots of spiking events are shown in Supplementary Material, Figure S2 . No obvious quantitative differences were observed between the fAD and control neurons. To provide a quantitative analysis of differentiation capacity over multiple clones and rounds of differentiation, NanoString analyses were performed with a custom designed probe set measuring 150 genes. Quantitative comparison of control and fAD lines showed no significant differences in expression of general neuronal markers (Fig. 1E) or cell fatespecific markers (Fig. 1F) .
Cleavage of APP by a-, b-and g-secretases in fAD and control iPSC-derived neurons Multiple studies in non-neuronal cell lines and transgenic mice overexpressing the APP V717I mutation report that this mutation alters g-secretase cleavage of APP to generate higher levels of Ab42 (1, 3, 5, 7, 8, 11, 12, 24) . Here, we aimed to examine the effects of this mutation expressed from the endogenous APP gene in human neuronal cells. At 40 days of neuronal differentiation, conditioned media were collected 48 h after application for analysis of secreted APP cleavage products, and cells remaining in the well were lysed to collect RNA for expression analyses. NanoString analyses showed no significant differences in RNA expression between control and fAD lines for APP splice variants and APP family members (APLP1 and APLP2) ( Fig. 2A) . Western blot analyses suggested that APP holoprotein Conditioned media from days 40 to 50 of differentiation from control and APPV717I lines were analyzed to examine Ab38, 40 and 42 levels using a multiplex ELISA. Cells remaining in the well were lysed and RNA collected to assay differentiation efficiency by qPCR and/or NanoString (as in Figs 1E, F and 2A, B) . Only those experiments with efficient neuronal differentiation (as assayed by morphology and expression of neuronal markers such as MAP2, Tau, Tbr1 and Cux1) were further analyzed. Differentiation efficiency was not significantly different between the control and fAD lines used here. In agreement with data from previous studies using other experimental paradigms, neurons derived from each line harboring this APP fAD mutation secreted Ab with a higher ratio of 42/40 than neurons from control lines (control 0.25 SD +0.05; fAD 0.39 SD +0.10; Fig. 3B ). Notably, the ratios observed here appear to be physiologically relevant, as published results examining Ab in TBS-extracted human brain lysates showed similar ratios (0.25-0.42) (25) . Furthermore, we observed an increased ratio with the APPV717I mutation (1.6-fold) that is highly similar to the ratio increase observed in the plasma of human subjects with the same mutation (1.7-fold) (12) . Here, data from each Ab species show that this ratio change was primarily due to a 2-fold increase in production of Ab42 (Fig. 3C, D , F and G; Supplementary Material, Fig. S4A and B) . Ab40 levels showed a trend towards increased levels, but this did not achieve significance. Of note, the intra-and inter-clonal variability in Ab secretion was quite low between wells and between experiments in both fAD and control cell lines (Fig. 3A) . The variability observed was due in part to slight technical differences between rounds of differentiation, with differences between ELISA plates also contributing to the mild variability observed (Supplementary Material, Fig. S4E and F) . Interestingly, human neurons harboring the APPV717I mutation also secreted higher levels of Ab38 ( Fig. 3E and H; Supplementary Material, Fig. S4C ). Accordingly, the calculated Ab38/40 ratio was also significantly higher with the fAD mutation (data not shown).
Ab levels also were measured in the lysates of a subset of samples. However, Ab38 and Ab42 were not detectable in the lysates, which contain both intracellular and cell-associated Ab (Supplementary Material, Fig. S4D ).
Overall levels of Ab were increased in fAD neurons ( Fig. 3 ). Prior to cleavage by g-secretase, APP must first be cleaved by a-or b-secretase to release the large N-terminal fragment of APP, termed APPsa or APPsb, respectively (26) . Cleavage by b-secretase prior to g-secretase generates Ab, while a-cleavage precludes Ab generation. Because of the importance of these cleavage events, we next examined whether the APPV717I fAD mutation affects a-and/or b-secretase cleavage of APP in a neuronal context. Surprisingly, fAD neurons secreted a lower ratio of APPsa to APPsb (Fig. 4A ), due to a 1.4-fold increase in the production of APPsb ( Fig. 4B and C) . The shift in the ratio of APPsa to APPsb production was confirmed by Western blot for a limited subset of samples (Supplementary Material, Fig. S3B and C). This effect did not appear to be due to increased expression of b-secretase, as both NanoString and Western blot analyses showed no differences in RNA or protein levels of the genes encoding b-secretase activity (BACE 1 and 2) ( Fig. 2A and B and data not shown). In order to test whether g-secretase activity is necessary for the enhancement of b-secretase cleavage of APP by V717I, differentiated neuronal cells from control and fAD mutant lines were treated with a low dose (5 mM) of a potent g-secretase inhibitor (DAPT) for 48 h. As expected, this treatment efficiently inhibited the production of Ab38, 40 and 42 in both control and fAD neurons ( Fig. 3F-H) . Interestingly, inhibition of g-secretase potently blocked the effect of V717I in increasing b-secretase cleavage of APP ( Fig. 4E and F) . Further, g-secretase inhibition increased APPsa generation relative to APPsb generation in control neurons ( Fig. 4D -F) . The inhibitor effect on this ratio was enhanced in neurons harboring the APPV717I mutation (Fig. 4D) .
The effect of APPV717I on b-and g-secretase cleavage was confirmed in human embryonic kidney (HEK) 293 cells following transient transfection with cDNAs encoding either human WT or V717I APP (Supplementary Material, Figs S5 and S6). Treatments using g-secretase inhibitors (DAPT, L685,458, compound E) and a b-secretase inhibitor (C3) were performed in these cells to 
One-way ANOVA performed with Tukey's multiple comparisons test, * * P , 0.01; * * * P , 0.001. In (A), black asterisks show significance versus YZ1 and green asterisks show significance versus YK26. In (F)-(H), day 40 neurons were treated with vehicle or DAPT (5 mM) for the final 48 h of differentiation (n ¼ 4-5 for each condition). Two-tailed t-tests were performed, * * P , 0.01; * * * P , 0.001. Error bars ¼ SEM. Data normalized to RNA in (C)-(E) and total protein in F-H. Fig. S6F ). However, b-secretase inhibition did not affect the Ab42/40 ratio, which is determined by g-secretase cleavage events (Supplementary Material, Fig. S6G ). Thus, while g-secretase inhibition affects b-secretase cleavage, b-secretase inhibition does not affect the site of g-secretase cleavage. Taken together, these results suggest that b-and g-secretase cleavages of APP are tightly linked processes, and that a single point mutation of APP can influence both cleavage events. Since the APP V717I mutation induced increased b-secretase cleavage of APP, and b-secretase is most active in acidic compartments such as in the endosomal pathway, we examined whether APP subcellular localization was affected by the mutation. Using immunocytochemistry and confocal microscopy, we investigated the co-localization coefficient between APP and the endosomal marker EEA1 in control and fAD differentiated forebrain neurons (Fig. 4G) . FAD neurons had a significantly higher co-localization coefficient of APP with EEA1, indicating that APP subcellular localization is affected by the V717I mutation (Fig. 4H) .
Changes in APP processing across differentiation from stem cell to neuron
We next addressed whether the effects observed on APP cleavage varied as a function of cell fate. RNA and conditioned media were collected from control and fAD iPSCs at multiple time points during differentiation from stem cell to neuron, in order to assess how differentiation alters the secretion of APPsa, APPsb and Ab. As expected, over differentiation time, cells changed morphologically and lost expression of pluripotency markers (Oct4), first turning on neuronal precursor markers (CyclinD1 and Nestin, not shown), and then markers of mature neurons (MAP2, Tau, VGLUT1, GAD1) ( Fig. 5A  and B) . Over differentiation time from day 0 to day 100, Ab secretion increased markedly in both control and fAD lines, and the fAD-dependent increase in Ab38 and 42 was observed consistently and significantly after day 40 ( Fig. 5C and E) . Accordingly, we observed higher Ab42/40 ratios in fAD versus control lines over the differentiation timecourse, with statistical significance obtained beginning at day 24 (Fig. 5F ). Furthermore, as cells became more neuronal in their RNA and protein expression profiles, there was a consistent and steady decrease in the ratio of APPsa to APPsb secreted by these cells (Fig. 5I) . While both APPsa and APPsb increase over differentiation [in part due to an increase in APP expression (Fig. 5J)] , there is a greater increase in APPsb due to a robust increase in expression of BACE1 with neuronal differentiation (Fig. 5G, H and J) . The effect of the APPV717I mutation on significantly elevating the b-secretase cleavage of APP was observed at all time points examined (Fig. 5H) .
Ab-specific antibodies engage Ab and rescue the Tau increase observed in fAD neurons
To determine whether iPSC-derived human neurons can reflect putative downstream effects of the APPV717I mutation observed in AD patients, we quantified the levels and phosphorylation state of Tau. In both early and late cultures (day 35 and 100, respectively), APPV717I neurons exhibited a 2-fold increase in Tau protein levels ( Fig. 2C and 6A, C; Supplementary Material, Fig. S7C and D) . There was no significant difference in phospho-Tau levels relative to total Tau levels between control and APPV717I neurons at the day 35 time point (Fig. 6B) . However, at day 100 APPV717I neurons exhibited higher levels of phospho-Tau at amino acid S262 (Figs 2C and 6D) . When normalized to total Tau, pS262 was significantly elevated beyond the increase of total Tau expression observed (Figs 2C  and 6D) .
In order to determine if the Tau phenotype was caused by differences in secreted Ab in fAD neurons, we specifically targeted Ab using anti-Ab antibodies. Neurons directed to a forebrain neuronal fate were treated with either 3D6 (27) , an anti-Ab monoclonal antibody (Fig. 6H and J) or else AW7 (28), an anti-Ab polyclonal antibody (Fig. 6I and K) . Both antibodies bound and sequestered Ab, as evidenced by Western blot and depletion of Ab from the media following pull down of antibodybound Ab (Fig. 6E -G) . Very low or no Ab levels were detected by ELISA in the media following pull down, suggesting that very little unbound Ab of all three species analyzed remained in media with antibody treatment. Treatment with both Ab-specific antibodies prevented the increase in total Tau in APPV717I neurons, as quantified by both Tau ELISA ( Fig. 6H and I ) and Western blot ( Fig. 6J and K) . This observation supports the hypothesis that increased Tau levels in fAD neurons are a downstream result of the Ab generated. Antibody treatment did not alter the APPsa/APPsb ratio (data not shown), supporting the hypothesis that the mechanism causing increased APPsb in fAD neurons is Ab independent. Of note, the timing of antibody treatment was critical for rescuing the Tau phenotype: treating with antibodies later in differentiation, or for shorter periods of time, did not allow for significant rescue of Tau levels (Supplementary Material, Fig. S7 , and data not shown). The proportional increase in phospho-Tau observed early in differentiation also is rescued by antibody treatment (data not shown). However, due to the lack of efficacy of antibody treatment initiated late in differentiation, ability of antibodies to rescue the elevated phospho-Tau levels observed at day 100 was not tested.
DISCUSSION
Ab homeostasis plays a central role in the pathogenesis of AD (29) . Ab is generated physiologically by sequential cleavages of APP by b-and g-secretase. Cleavage by g-secretase occurs at multiple sites and results in the generation of a variety of Ab species varying in length between 36 and 43 residues. Ab40 is the most abundant, followed by Ab42 and 38 (26, 29) . Although Ab42 is a minor form, the two extra amino acids (isoleucine and alanine) make this peptide more hydrophobic and prone to selfaggregation. It has previously been shown that fAD mutations in APP, PSEN1 or PSEN2 each act in part to either increase total Ab levels or, more commonly, to increase the amount of Ab42 relative to Ab40 generated (reviewed in 3). Here, we demonstrate that human neurons derived from iPSC lines established from subjects harboring one such mutation (V717I) generate significantly more Ab42. The fold-increase in Ab42/40 ratio reported here (1.6-fold) is highly similar to that observed in plasma from subjects with the V717I mutation (1.7-fold) (12) .
Human Molecular
We extend these findings to show that Ab38 also is elevated, in accordance with the helical model of g-secretase processivity within the transmembrane domain (30) . This model of APP cleavage describes stepwise cleavages of APP by g-secretase, beginning with epsilon cleavage near the transmembranecytoplasmic interface to release the intracellular domain of APP (AICD) as well as Ab of 48 or 49 residues (31). These longer Ab-like species are then cleaved every 3-4 amino acids along the transmembrane domain to generate smaller species, such that Ab49 is cleaved to generate Ab peptides of 46, 43 and 40 amino acids in length, whereas Ab48 similarly is cleaved to generate Ab peptides of 45, 42 and 38 amino acids (26, 32) . In agreement with this processivity model, we observe an increase in both Ab42 and 38 caused by the APPV717I mutation, suggesting that this mutation may primarily act to alter the initial epsilon site of cleavage within APP. Indeed, changes in epsilon site cleavage with other fAD mutations have been previously reported (33) . In addition to effects on the sites of g-secretase cleavage within APP, we also describe an unexpected effect of this fAD mutation on b-secretase cleavage of APP. b-secretase activity is encoded by the genes BACE1 and BACE2 (34) (35) (36) , and expression of these genes is high in the CNS (36, 37, 40) . Human iPSCs provide a model system to examine the activity of these enzymes in human neuronal development. Here, we show a dramatic increase in b-secretase cleavage of APP as cells differentiate to neuronal fates. Moreover, although the V717I mutation occurs near the site of the g-secretase cleavages in the transmembrane domain of APP, a significant effect of this mutation on b-secretase cleavage of APP was observed at all differentiation Figure 5 . Examination of APP cleavage products generated over differentiation time to mature neuronal fates. Control and APP V717I (fAD) iPSC lines were differentiated over 100 days to neuronal fates. (A) At multiple time points, cells were fixed and immunostained for a pluripotency marker (Oct4), a neuronal marker (MAP2) and a nuclear marker (TOPRO3). (B) Alternatively, cells were lysed following collection of media and RNA purified for qPCR analysis. Media were analyzed by ELISA to measure levels of Ab (C-F) and/or APPsa and APPsb (G-I). (J) qPCR analysis of APP and BACE mRNAs across the differentiation time course, normalized to GAPDH expression. For data in (B)-(J), error bars, SEM. For each comparison, a two-tailed t-test was performed, * P , 0.05; * * P , 0.01; * * * P , 0.001. For d9, d17, d24, n ¼ 2 -4, for d40, n ¼ 70-100, for d60, d80, n ¼ 5 -10. Data normalized to total RNA in (C)-(E), (G) and (H).
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Human Molecular Genetics, 2014, Vol. 23, No. 13 Figure 6 . Tau protein levels are increased in fAD neurons directed to a forebrain fate, which is reversed by treatment with Ab-specific antibodies. Total Tau (A) and phospho-Tau (B) levels from control and fAD neurons differentiated for 35 days were determined by Western blotting and densitometry. Total Tau (C) and phosphoTau (D) levels from control and fAD iPSCs differentiated for 100 days were determined by Western blotting and densitometry. (E-K) Control and fAD neural progenitors (days [18] [19] [20] were treated with the Ab-specific antibodies 3D6 (F, H, J) or AW7 (G, I, K) and compared with isotype-specific or preimmune serum, respectively, for 15 days. (E) Western blots of media probed for Ab after pull down with protein Agarose-A/G beads. (F, G) Ab ELISA data are shown from conditioned media following pull down of Ab with either 3D6 or AW7. Treatment with a monoclonal Ab antibody (3D6) was compared with its isotype control (IgG) (H, J) or else treatment with a polyclonal antibody (AW7) was compared with treatment with its preimmune serum (I, K). ELISA data for total Tau (H, I) and quantification by densitometry from Western blot (J, K) is shown for 3D6 and AW7 experiments, respectively. Fresh neural differentiation media with antibody was applied every 3 days. * P , 0.05; * * P , 0.01; * * * P , 0.001. PI, preimmune; ND, not detected; error bars, SEM.
Human Molecular Genetics, 2014, Vol. 23, No. 13 3531 time points examined. The increase was not due to indirect effects on BACE expression, as both RNA and protein levels of BACE were unchanged in the fAD neurons. BACE is an aspartyl protease that has optimal activity in an acidic environment, such as in the endosomal pathway (38, 39, 41, 42) . One possible explanation is that the V717I mutation affects the subcellular localization of APP to compartments containing active BACE, and this in turn results in increased b-secretase cleavage of APP in fAD neurons. Indeed, we observed altered subcellular localization of APP to EEA1-positive sites within neurons derived from APPV717I carriers. In addition, APPV717I may affect the position of APP within the membrane, which in turn affects both the site of epsilon cleavage of APP and the position of APP relative to the active site of BACE, which is a membrane-anchored protease that cleaves its substrates just outside of their transmembrane domains. To examine whether the b-and g-secretase effects of the APP mutation are linked, we asked whether g-secretase inhibition could rescue the effect of the APPV717I mutation on b-cleavage. Indeed, g-secretase inhibition prevented the effect of the V717I mutation in elevating b-secretase processing of APP. This was observed in both iPSC-derived human neurons and HEK cells, confirming the observation and suggesting that these enzymatic activities are functionally interdependent. This result is in agreement with recent evidence that these proteases may exist in a previously unrecognized complex and affect the activities of one another (A. C. Chen and D. J. Selkoe, personal communication). Further studies are therefore warranted to examine whether other fAD APP and PSEN1/2 mutations affect b-secretase cleavage of APP, in addition to their known effects on g-secretase processivity. The experimental paradigm outlined here allows us to follow changes in APP expression and processing over a human neuronal developmental timeline. Using our differentiation protocol, stem cells are directed to neuronal fates over the course of several months. Between days 17 and 24, cells express markers of neuronal precursor cells and are actively dividing. At day 24, cells are cultured as a monolayer on Matrigel in differentiation media, and between this day and day 40, general neuronal markers are upregulated including those for cytoskeletal proteins important in neurite outgrowth such as Tau, MAP2 and bIII-tubulin (TuJ1). Between days 30 and 50, spontaneous electrophysiological activity first appears in our cultures, coinciding with an upregulation of synaptic markers such as PSD95, SYP and synapsin. Between days 50 and 100, the dynamic changes in neuronal gene expression that are present during differentiation are no longer observed, and cultures have more stable expression of neuronal and synaptic markers. Over differentiation time, we observe a consistent increase in APP expression at both the RNA and protein levels, with a corresponding increase in both APPsa and APPsb secretion. The increase in the percentage of APPsb generated as cells differentiate to mature neuronal fates likely reflects the timedependent increase in BACE1 levels. Similarly, there is a dramatic increase in Ab secretion over differentiation time until day 60, at which point the levels plateau to day 100. At all observed neuronal time points, fAD neurons secrete more Ab38 and 42, and a higher ratio of Ab42/40 than control neurons. Interestingly, between days 40 and 100, the ratio of Ab42/40 secreted from fAD neurons increases but remains relatively constant in control neurons.
The accumulation of Ab in all AD brains, as well as the dominant effects of APP, PSEN1 and PSEN2 mutations in causing an accelerated but otherwise typical AD phenotype, point to Ab being critical to pathogenesis. Accumulation of intraneuronal hyperphosphorylated Tau is a key feature observed in the AD brain. Multiple lines of evidence suggest that this pathological hallmark of AD can arise as a downstream result of accumulation of extracellular Ab, but this hypothesis remains controversial (20, (43) (44) (45) . Accumulation of intracellular Ab also has been implicated in causing endosomal defects that can lead to pathology (20, 21 , and others). However, in the fAD APP London V717I neurons described here, levels of intracellular and membrane-associated Ab are substantially lower than the Ab that accumulates extracellularly in the media (Supplementary Material, Fig. S4D ).
We observe a significant increase in Tau protein levels in neurons of forebrain fate derived from APP V717I iPSCs. This increase is observed as early as day 26 (data not shown) and continues through the latest time point examined (day 100). Phospho-Tau levels also are increased in fAD neurons at day 100, as well as at day 40. However, at day 40 this phospho-Tau elevation is proportional to the increase in total Tau. Thus, we observe an increase in total Tau levels prior to a further increase in phospho-Tau levels. In order to address whether the phenotype of increased Tau expression in fAD neurons is due to altered Ab generation, we performed rescue experiments with antibodies specific to Ab. Both a polyclonal and a monoclonal Ab-antibody were able to reverse the increased total and phospho-Tau protein levels observed in fAD neurons at early time points. We propose that treatment with these antibodies in the media binds to extracellular Ab and prevents a nonautonomous effect of Ab on Tau. This rescue was observed when neurons were treated at early time points (days 18-20), but not when neurons were treated at later time points of maturity (d40+), suggesting that intervening earlier in this culture system is more effective than at later time points. This may be important when considering using AD culture models for screening and testing disease-modifying therapies.
Postmortem studies of AD brain have shown that total Tau levels are elevated 8-fold, and that most of this Tau is phosphorylated (46), in agreement with our observations. A large number of studies have reported an increase in the levels of phospho-Tau in postmortem brain from fAD and sporadic AD subjects. However, surprisingly little is known about the overall levels of soluble Tau in fAD or even sporadic AD brain, especially at the preclinical stages of the disease, which is most relevant to our studies. Elevated Tau in the CSF is an early biomarker for AD, but this elevation is thought to be due to a combination of release from neurons following degeneration and increased active Tau secretion (reviewed in 47). Future studies should address whether early increases in total Tau levels are specific to neurons derived from our APP V717I cultures, or if this phenotype extends to other fAD cases and/or sporadic AD cases.
These data indicate that increased Tau levels can result directly from the effects of altered Ab generation induced by the fAD mutation V717I in a relatively simple neuronal cell culture system, thus connecting the two major abnormalities of AD pathogenesis. Notably, cultures of both control and fAD neurons remain healthy at day 100 of differentiation, with no obvious cell death observed (data not shown). However, in
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Human Molecular Genetics, 2014, Vol. 23, No. 13 contrast to other studies, which have shown an increase in cell death of primary rodent neurons in response to exogenously added Ab, in this study the extracellular Ab is cleared from the cultures every 2 -3 days with full media changes. The use of this system provides the opportunity to further probe the initiating events in AD pathogenesis, namely, the generation of pathological Ab and the accumulation of phosphorylated Tau, in the absence of frank cell loss, which is not observed until late stages of the disease. The findings presented here provide several unexpected insights into the effects of APP fAD mutations on processing by the b-and g-secretases. Furthermore, we provide evidence that altered cleavage of APP leads to increased Tau expression, which can be reversed by treatment with Ab-specific antibodies. Taken together, this study demonstrates the utility of iPSCs from human donors to model AD-relevant phenotypes, with related therapeutic implications.
MATERIALS AND METHODS
Patients and fibroblast derivation and iPSC generation
iPSCs were generated in collaboration with the HSCI. Skin punch biopsies were taken from a father and daughter pair, each with the APP V717I mutation, after informed consent and in accordance with Institutional Review Board approval. iPSCs were reprogrammed as described (18) . cDNAs for Oct4, Sox2, Klf4 and Myc were cloned into pMIG vectors and packaged into VSVG-pseudotyped retroviruses. Fibroblasts were transduced with retroviruses. Valproic acid (Sigma, 50 mM) was added for 7 days, beginning on day 2 after transfection. iPSC colonies appeared after 3 weeks and were picked based on morphology and GFP silencing. Colonies were transferred to six-well plates containing irradiated mouse embryonic fibroblasts (MEFs) (Globalstem). ROCK inhibitor (Y27632) (Millipore) was used at 10 mM to increase cell survival. Each picked colony was one line. For passaging, cells were dissociated with collagenase (Stemcell Technologies). For a 10 cm culture plate, between 5 and 50 colonies emerged.
Karyotype analysis and characterization iPS clones were karyotyped by Cell Line Genetics. For pluripotency assays, iPSCs were dissociated from the plate with collagenase and then resuspended in ultra low-attachment plates and fed with iPSC media. Cells were re-plated onto gelatin (Millipore) after 1 week with DMEM (Invitrogen) 10% FBS (Sigma). Cells were harvested for gDNA extraction after 1 week of plating. Copy number analyses were routinely performed using the NanoString nCounter CNV CodeSets, in order to ensure a normal chromosome number across passages.
iPS cell culture iPSCs were cultured in iPSC media with bFGF (Millipore) added fresh daily at 10 mg/ml. Cells were maintained at 378C/5% CO 2 and were split as necessary based on colony growth (5 -6 days). Differentiating colonies were removed from the plate prior to splitting. iPSCs were maintained on an irradiated MEF feeder layer at 1.7-2.0 × 10 5 cells/well. For passaging, cells were dissociated with collagenase.
Neuronal differentiation
For the induction of forebrain neurons, iPSCs were differentiated using an embryoid body-based protocol (22) that was further optimized, as described here. iPSC colonies were dissociated from MEFs at day 1 and cultured as aggregates 4 days in suspension with iPSC media. Aggregates were switched to Neural Induction media (N2) at day 5. Aggregates were plated on Matrigel-coated (BD Biosciences) culture dishes at day 7, forming primitive neuroepithelial (NE) structures over 10 days with Neural Induction media (N2). By day 17 definitive NE structures were present, and neural progenitors further cultured in suspension using Neural Induction (N2/B27) media. Neural rosettes were either selected manually or with STEMDiff Neural Rosette Selection reagent (Stemcell Technologies). The second culture in suspension aimed to purify neuronal progenitors, by clearing improperly differentiating cells. Cells were dissociated to single cells with accutase (Invitrogen) and plated on Matrigel for final differentiation at day 24 in Neural Differentiation media. Matrigel was used per the manufacturer's instructions. A full media change was performed every 2 -3 days for the duration of the experiment.
Medias
iPSC Medium consisted of 400 ml (DMEM/F12, Invitrogen), 100 ml Knockout Serum Replacement (Invitrogen), 5 ml MEM-NEAA (Invitrogen), 5 ml of penicillin/streptomycin/glutamine (Invitrogen) and 500 ml 2-mercaptoethanol (100×) (Invitrogen). Neural Induction Medium (N2) consisted of 490 ml DMEM/F12, 5 ml N2 supplement (Invitrogen), 5 ml MEM-NEAA, 2 mg/ml Heparin (Sigma-Aldrich). Neural Induction Medium (N2/B27) consisted of 480 ml DMEM/F12, 5 ml N2 supplement, 10 ml B27 supplement (Invitrogen), 5 ml MEM-NEAA, 2 mg/ml Heparin, with cAMP (1 mM, Sigma) and IGF-1 (10 ng/ml, Peprotech) added to the medium. Neural Differentiation Medium consisted of 480 ml of Neurobasal medium (Invitrogen), 5 ml N2 supplement, 10 ml B27 supplement, 5 ml of MEM-NEAA, with the addition of fresh cAMP (1 mM), BDNF, GDNF and IGF1 (PeproTech, 10 ng/ml) to the medium.
Microelectrode array recordings
Sterile 12-well MEA plates were coated with sterile-filtered poly-D-lysine (PDL) (Sigma) for 1 h at room temperature. After aspiration of the PDL solution, wells were washed 3× with sterile milliQ water. Plates were allowed to dry overnight in the tissue culture hood. Seventy-five microliters of sterile Matrigel solution were coated directly over the electrode grid for 1 h at 378C. To prevent drying of the Matrigel, sterile water was added to the area surrounding the electrodes. Neural aggregates were single-cell dissociated at day 24 of differentiation using accutase, and 75 000 cells were plated in each well. Neurons were co-cultured with 75 000 human astrocytes (Sciencell) in a volume of 75-100 ml. Cells were allowed to attach over the course of 30 min. Following attachment, 500 ml of a 1.5:1 ratio of neural differentiation to astrocyte media was added to the wells. Media was switched to neural differentiation media thereafter, and changed every 2 -3 days.
MEA recordings were performed using the Maestro system from Axion Biosystems. Recordings were done in 12-well plates, with each well consisting of 64 electrodes in an 8 × 8 grid, for a plate total of 768. Nano-porous platinum electrodes are 30 mm in diameter and 200 mm apart. Using the AxIS software (Axion Biosystems), data were acquired using a sampling rate of 12.5 kHz and filtered using a 200 -2500 Hz Butterworth band-pass filter. A detection threshold was set to +5.5 × SD of the baseline electrode noise. Filtering and plotting of trace and waveform data were done using MATLAB with custom scripts (The MathWorks, Natick, MA, USA). Spike raster plots were analyzed using Neuroexplorer (NEX Technologies). At least two independent recordings were performed, from five different differentiation experiments. Data were analyzed using the DDC T method and expression was normalized to GAPDH expression (48) . RNA was purified from individual samples and processed through a PureLink RNA Mini Kit (Ambion), followed by reverse transcription using SuperScript II (Invitrogen). Primer efficiency was calculated for each pair of primers and the slope of the dilution line was found to be within the appropriate range. Dissociation curves also showed single peak traces, indicating templatespecific products.
Nanostring analysis
To analyze gene expression for a large number of genes from an individual sample, we utilized a custom probe set designed by NanoString Technologies (nCounter Gene Expression Assay). The assays were performed using the NanoString protocols, 12 samples per run. The first step hybridization reactions were carried out with 100 -200 ng RNA. Posthybridization samples were processed with the nCounter Prep-station. Following run completion, the cartridge was scanned using the nCounter Digital Analyzer, at max resolution ( 1000 images/sample). Data were analyzed using the nSolver Analysis Software and normalized to a set of seven house-keeping (HK) genes or to the total gene set, as noted. HK genes ¼ GAPDH, GUSB, HPRT1, LDHA, POLR2A, RPL13a and RPL27.
Immunocytochemistry and microscopy
Cultures were fixed with 4% paraformaldehyde (Sigma), followed by membrane permeabilization with 0.1% Triton X-100 and then staining with primary and secondary antibodies (see Western blots and antibodies). Imaging was performed using a Zeiss LSM710 confocal microscope and images were acquired using ZEN black software. ZEN black software was used to pseudo-color images and add scale bars.
colocalization coefficient. MAP2 + neurons were outlined for pixel measurement. The colocalization coefficient was calculated by comparing colocalized pixels of APP and EEA1 in the outlined area, to the total number of pixels. Values ranged from 0 to 1, with 0 being no colocalization and 1 being all pixels colocalized.
Ab, sAPPa/b and Tau ELISAs
Neuronal cells were plated in 96-well plates at various time points up to 100 days. ELISA assays was carried out using the reagents, protocols and imager manufactured by MesoScale Diagnostics, LLC. Media were collected after 48-72 h and analyzed using the 6E10 Abeta Triplex, and sAPPa/sAPPb ELISA assays (specific to human). Lysates were prepared as noted above and analyzed using the Phospho(Thr231)/Total Tau ELISA assay. Data were normalized to either total RNA or intracellular protein values, as noted.
Inhibitor treatments
Neuronal cells were plated at day 24 and allowed to differentiate until days 40 -50. Additionally, for some inhibitor experiments, transiently transfected HEK cells were cultured. Conditioned media were collected 48 h prior to treatment and saved for ELISA assays. Cultures were then treated with either DAPT (5 mM, Sigma), Compound E (50 nM, Millipore), L-685,458 (1.5 mM, Sigma), C3 (0.3 mM, Calbiochem) or DMSO (Sigma) for 48 h, followed by media collection and harvesting for protein. For protein, cells were lysed with standard buffer containing 1% NP40, 0.5 M EDTA, 5 M NaCl, 1 M Tris and cOmplete protease inhibitors and phosSTOP.
Transfections
HEK293 cells were transiently transfected with cDNA encoding either WT human APP695 or with the V717I mutation, using Fugene HD (Promega). Twenty-four hours after transfection, media were changed and cells were treated with either vehicle or inhibitors. Forty-eight hours after transfection, conditioned media were collected and cells lysed in 1% NP40 STEN buffer.
Tau rescue experiments
Neurons were directed to a forebrain neuronal fate and treated with Ab-specific antibodies: either AW7 (28) or else 3D6 (27) at days 18-20 of differentiation. Cultures were treated for 15 days, with media changes occurring every 3 days. At the end of treatment, conditioned media were collected and cells were lysed for protein (see above). Lysates were utilized for western blotting and the Tau-specific ELISA, while conditioned media was probed for binding of the antibodies to Ab.
Statistics
Data were analyzed using GraphPad PRISM 5 software. Values are expressed as either +SD or +SEM as indicated by figure legend text. Statistical significance was tested by either an unpaired Student's t-test (two-tailed) or one-way ANOVA with a Tukey's post-test. Statistically significant differences were determined by P-values of ,0.05.
